SUMMARY: Staphylococci produce coagulase in two forms. One is bound to the cell wall and is responsible for the slide test. The other is liberated as free coagulase in the medium and is responsible for the tube test. Bound coagulase acts directly on the fibrinogen of certain animals which then causes clumping of the staphylococcal cells, while free coagulase acts on the 'prothrombin' of certain animals to give a thrombin-like product. Bound coagulase is antigenically distinct from free coagulase. It is released during autolysis and it can be used to produce specific antibodies in rabbits.
Two tests are now in use for the detection of staphylococcal coagulase in cultures. In the tube test, first described by Loeb (1903), the bacteria are grown in a sensitive plasma, which is usually diluted, for periods up to 24 hr.; coagulase production is then shown by the presence of a clot. A later development is the slide test (Much, 1908;  Birch-Hirschfeld, 1934) , which depends on the finding that when coagulase-positive staphylococci are emulsified in a sensitive plasma on a slide, thick clumps appear due to precipitation of the fibrinogen around the bacteria.
Cadness-Graves, Williams, Harper & Miles (1943) made a large-scale comparison of the two tests and found a good correlation between them. Of 442 strains recovered from pathogenic conditions in humans, all but two gave both reactions. A further series obtained from wounds and nasal swabs showed more disagreement in that forty-eight strains were tube positive and slide negative, while three were tube negative and slide positive. Following this series, it was commonly assumed (Berger, 1943) that the two tests were measuring the same substance. Observations by Linsell & Gorill (1951) threw some doubt on this assumption. They showed that plasma treated by heat or thiomersalate continued to give a positive slide test while losing its ability to give a positive tube test; no explanahon was offered. In analysing the effect of heat on plasma it became clear that two coagulases were involved, one bound to the cells and giving the slide test, and one free in the medium and giving the tube test. These will now be referred to as bound and free coagulase, and evidence for their distinction will be presented.
MATERIALS AND METHODS
Free coagulase. The free coagulase was a lyophil dried preparation (16,000 M.c.D./mg.) from the 'Newman' strain of Staphylococcus aureus (Duthie & Lorenz, 1952) , and was normally used a t a concentration of 0.5 or 1.0mg./ml. Tests were made by adding 0.2ml. to 0.2 ml. of a suitable coagulable material in tubes 5.0 x 0.8 cm. The tubes were held against a black background in a warm illuminated box, and tapped until a clot appeared, the Bound coagulase. Unless otherwise stated, the strain used was 'Newman', previously described as a good producer of free coagulase (Duthie & Lorenz, 1952) . The cells from shaken digest broth cultures were washed in saline and resuspended to a standard density (4 x 109 cells/ml.); 0.2 ml. of this suspension was added to 0.2 ml. of diluted plasma or to 0.2 yo bovine fibrinogen in 5.0 x 0.8 cm. tubes and shaken in a special rack in a Kahn shaker. Against a black background using direct lighting and a lens, the degree of clumping could be graded quantitatively and was recorded as -, tr., &, +, + or + +.
Titration of antibody to bound coagulase and of inhibitor to this antibody. For antibody titration 0.1 ml. volumes of falling dilutions of antibody in saline were added to 0.1 ml. of a standard 'Newman' suspension and left for 30 min. on the bench. One-tenth ml. of 0.2y0 bovine fibrinogen was added, and after shaking in a Kahn shaker until the controls became positive (1-2 min.), the tubes were read as in the titration of bound coagulase. In the antibody inhibition test 0.1 ml. volumes of falling dilutions of antiserum (Wellcome Research Laboratories staphylococcal antiserum KCP 2029), usually in dilutions of l / l 6 0 to l/500, were added to 0.1 ml. volumes of the solutions to be tested for inhibitor. At the same time a control series containing saline instead of inhibitor was set up. The mixture was left for 30 min. on the bench, 0.1 ml. of the standard suspension was then added and after mixing left for another 30 min. ; 0.1 ml. of bovine fibrinogen 0.2 yo (w/v) was then added, and after shaking until the control tubes were positive at ll500 antiserum, the results were recorded as before.
Activator. This was measured by adding 0.1 ml. solution of free coagulase to a mixture of 0-1 ml. activator solution and 0-2 ml. of 0.4 yo (w/v) bovine fibrinogen (Armour's Fraction I). Since clotting times plotted against the reciprocal of the activator dilution gave a straight line over a limited range, comparisons were possible. Purijied prothrombin. This was prepared from human plasma following the method of Jaques (1943). It was used at a strength of 1.0 mg./ml.
Crystalline trypsin. This contained approximately 50 yo MgSO,, and By contrast washed cells representing bound coagulase will not clump in guinea-pig plasma, even when human prothrombin is added ( Table 2) . The purified prothrombin in this case was heated for 4 min. a t 60" to denature small traces of human fibrinogen which are difficult to remove. The loss of activator by heating was again c. 50 yo. Since the addition of a minute amount of bovine fibrinogen, which contained no activator, was sufficient to cause clumping there was no evidence of inhibitory action by the guinea-pig plasma. Similar results were obtained when freshly precipitated guinea-pig fibrinogen was used instead of guinea-pig plasma.
Species specijicity of plasmas to the two coagulases. Species specificity of plasma to the action of bacterial toxins is well known in the case of streptokinase and free coagulase. It was therefore not surprising to find that certain plasmas, e.g. sheep and guinea-pig, were completely insusceptible to the action of bound coagulase, others, for example, cow and horse, occupied an intermediate position, while dog, mouse, human and rabbit plasmas were highly sensitive. Species differences for bound coagulase were best measured by finding the limiting dilution of plasma (plasma titre) sufficient, on prolonged shaking, to clump a given suspension of staphylococci when a highly active strain such as ' Newman' was used (Table 3) . This was a measure of the sensitivity of the fibrinogen to bound coagulase and did not compare with the 
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findings for free coagulase which depended on the sensitivity of the activator (prothrombin). Thus, of the eight plasmas listed only three, e.g. horse, human and rabbit, were good sources of activator and clotted readily with free coagulase, while all but guinea-pig and sheep contained fibrinogen which reacted readily with bound coagulase. Strain differences in clumping with Jibrinogen. Strains of staphylococci differed very much in their ability to clump in the presence of fibrinogen, and a rough measure was the limiting dilution of human plasma just sufficient to cause clumping. About twelve strains from various sources were compared, and it was found that they varied widely between those which gave titres of 1/30 for poor strains and two strains which gave good clumping at final dilutions of l/4000 of human plasma, corresponding to a final dilution of one part in three millions of fibrinogen. The two strains which gave these high titres were the best strains so far encountered for the production of free coagulase in the absence of albumin (Duthie, 1954) . Later work showed that the plasma titre for clumping bore no relation to the amount of bound coagulase present on the cell surface. The phenomenon is under investigation. Like free coagulase, bound coagulase was stable at pH 2. The washed and acid-treated cells gave an even higher plasma titre than before, but this may have been due in part to their tendency to show some slight clumping in saline only. Living cells treated with crystalline trypsin rapidly lost their bound coagulase.
Apparent dissociation of the production of the two types of coagulase has been found in several strains isolated from routine nasal swabs, inasmuch as they produced large amounts of free coagulase in the presence of albumin but failed to clump when added to plasma or fibrinogen and shaken. This confirms the findings of Cadness-Graves et al. (1943 Duthie & Lorenz, 1952) . These antibodies are specific for the free coagulase of different staphylococcal strains (Duthie, 1952) . None of the antisera against free coagulase had any inhibitory action on bound coagulase. Certain commercial antisera made against the Wood 46 a-lysin inhibited bound but not free coagulase. The most satisfactory of these was a horse antiserum KCP 2029 made at the Wellcome Research Laboratories, Beckenham, and containing 400 u./ml. of anti a-lysin. Diluted 1/500 this usually gave partial inhibition in the antibody test using the standard bound coagulase suspension (staphylococcal strain ' Newman ') and complete inhibition at higher levels.
A number of commercial non-staphylococcal equine antisera examined contained no antibody; small amounts were present in normal human sera and these will be investigated when the test is fully standardized. No antibody was found in normal animal sera, e.g. mouse, guinea-pig, rabbit, horse, sheep and cow.
Identification and partial puriJication of bound coagul use liberated by autolysis Antibody inhibition test.
Since the sera of horses immunized with staphylococcal toxoid made from cell-free filtrates of the Wood 46 strain contained an antibody to bound coagulase, it was likely that bound coagulase was liberated from these cells. Using the antibody inhibition test, described earlier, as a test for the presence of bound coagulase in cell-free culture material, no inhibitor was found in Wood 46 toxin or toxoid, or in broth cultures of several freshly grown staphylococcal strains. An inhibitor (later shown to be bound coagulase) was found in the supernatants of shaken broth cultures of coagulasepositive staphylococci which had been stored for several weeks at 4 ' and which had undergone partial autolysis. The inhibitor was more easily detected if the cell-free supernatants were dialysed. Maximum amounts were present in supernatants of the 'Newman' strain, and a study of freshly grown cultures of this organism showed an increase when the flasks were left at room temperature, This was not associated with a gain in free coagulase ( Table 4 ). The best yields were from cultures held between pH 6 and 8.
Partial purification of bound coagulase. Since the inhibitory material was stable at pH 2 it was easily concentrated and partially purified by precipitation with CdSO, between pH 6 and 7, and the precipitate redissolved by the addition of HC1 and dialysed against 0.01 M-HC1. Such precipitates usually contained large amounts of free coagulase. In one culture which had undergone autolysis over a period of several months (Table 4 ) almost all the free coagulase, together with the remaining cells, was first removed by centrifuging a t pH 3. More recently, the autolysis of washed cells at 4 ' has provided material with good inhibitory power and which contained little or no free coagulase.
Properties of partially purijed bound coagulase. Like free coagulase purified inhibitor was most stable in the acid range, and least in the alkaline ( presence of soya-bean trypsin inhibitor. In these respects it corresponded to bound coagulase when attached to the cells. The appearance of inhibitor in the broth supernatants of fully grown cultures left to autolyse was accompanied by a loss of bound coagulase from the cell surface. There was therefore strong presumptive evidence for regarding the inhibitory material as bound coagulase which had been liberated from the cell surface. The addition of this material when partially purified to purified human or bovine fibrinogen, caused no clotting in 1 hr., nor was there any evidence of digestion of the fibrinogen. 
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Activity measured by its ability to inhibit antiserum to bound coagulase. Final concentration of trypsin 2 x lo-* (w/v).
Experimental antibody production. The supernatant broth from a culture of the 'Newman' strain which contained inhibitor was dialysed and boiled for 10 min.; this inhibitor was adsorbed almost completely by the addition of 2 mg. sterile AlPO,/ml. A comparison was made of the immunizing properties of the adsorbed and unadsorbed material ( Table 6 ). Normal rabbit sera showed no inhibition of bound coagulase. After three injections at weekly intervals, each consisting of adsorbed material from 3 ml. of the original broth, one rabbit serum showed partial inhibition at a titre of 1/32 and the other a t 1/16. Very much lower titres were obtained with culture fluid which had not been adsorbed on AlPO, (Table 6 ). It was concluded that the supernatants of stored ' Newman ' strain cultures contained bound coagulase, which had been liberated during autolysis. 
Comparison of the slide and tube tests
A comparison of the slide test with the test used in the present work for bound coagulase, under varied conditions, showed no discrepancies. The slide test is therefore due to bound preformed coagulase on the cells. Under the conditions used by Linsell & Gorrill (1951) this acts on plasma treated by heat or with thiomersalate and causes clumping of the cells.
By contrast the tube test requires the production of a clot, which is a function of free coagulase. Experiments have shown that even with a good coagulase-producing strain of staphylococci, insufficient free coagulase would be carried over in the inoculum used by Linsell & Gorrill (1951); hence a positive result must be due to the production of free coagulase during the 2 hr. incubation period. This was of course impossible in the presence of 1/10,000 thiomersalate; the cells failed to grow and the test was negative. Tests of plasma treated with 1/10,000 thiomersalate for 24 hr. have shown no loss of activator, and a minor change in the fibrinogen as indicated by a slight delay in the reaction when treated with bound coagulase, free coagulase or thrombin.
DISCUSSION
Proof of the separate identities of bound and free staphylococcal coagulase falls under three main headings; of these, the most important is mode of action. Free coagulase apparently acts on prothrombin or on some closely related substance and converts it to a thrombin-like product which will clot any fibrinogen. Bound coagulase, on the contrary, acts on a susceptible fibrinogen and alters it so that it precipitates on the staphylococci and causes them to clump. Both substances behave as proteins; free coagulase may be an enzyme since the conversion of prothrombin to a thrombin-like product by free coagulase follows an enzymic pattern (Miale, 1949; Duthie & Lorenz, 1952) . With bound coagulase prior incubation of the washed cells with minimal amounts of fibrinogen showed no shortening of the clumping time when the cells were agitated. Likewise, washed cells mixed with fibrinogen and removed immediately by centrifuging were just as strongly agglutinated as those left in contact with the fibrinogen for a longer time. The reaction may therefore be a stoichiometric one.
The second main point of difference lies in their different antigenic compositions; for many immunologists this would be conclusive. There is no known case of the same bacterial cell producing the same toxin in two different antigenic forms. Yet rabbit antisera against free coagulase failed to neutralize the bound coagulase on the cells from which the free coagulase had been obtained, and the antiserum KCP 2029 had no inhibitory action on free coagulase. Although antibodies to free coagulase are specific for the coagulase of certain staphylococcal strains, animal or human, present evidence suggests that the antibody for bound coagulase is non-specific.
The last point concerns the nature of the antibody inhibitor found in partially lysed broth cultures. The evidence so far accumulated suggests that this is originally bound coagulase which becomes liberated during autolysis. The strongest evidence for this is its ability to produce in rabbits antibody to bound coagulase. While the maximum amount of free coagulase was present at the end of growth, this inhibitory material did not appear in any quantity for several days. Separation of the two was possible in one culture tested by precipitation of the free coagulase and its removal with the cells by centrifuging at p H 3 leaving the inhibitor free in the medium, or by autolysing washed cells. Like free coagulase it was stable in the acid pH range, and was partially purified by precipitation with cadmium, followed by dialysis in acid. This partially purified material had apparently no immediate action on fibrinogen when incubated with it; it is being further examined.
Besides Linsell & Gorrill (1951) other authors have noted discrepancies in the behaviour of staphylococci as between slide and tube tests. BirchHirschfeld (1934) concluded that the slide test was caused by an agglutination of staphylococci by prothrombin and that the tube test was caused by a clotting of fibrinogen. Her conclusions are open to doubt, inasmuch as the fibrinogen solutions used contained prothrombin and the prothrombin solutions almost certainly contained denatured fibrinogen. In a survey of the slide test using plasmas and strains derived from different animals, Field & Smith (1945) noted that negative slide tests were given by sheep and guineapig plasmas, in contrast to other plasmas which gave positive reactions. The addition of human sera to these insensitive plasmas failed to make them positive, as it should have done had the reaction been similar to that of the tube test. No attempt was made to explain the discrepancy between the two tests.
There are several references in the literature to an agglutination of streptococci by sera from patients suffering from acute bacterial infections (Weaver,
